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Abstract
A THz photoconductive antenna consists of antenna pads laid over a photoconductive
substrate. These types of antennas are excited through the application of an optical pump
(laser), which generates carriers inside the semiconductor. The acceleration and
recombination of these carriers produce photocurrent that excites the antenna and
generates THz pulse. This thesis focuses on analyzing the optical response of a
photoconductive antenna, which consist of the interaction of the incident electric field of a
laser pump with the radiating device. It develops the amplitude modulation process of a
plane wave of light into a laser pump. It also takes into consideration the spatial distribution
of this excitation, which is approximated by the paraxial Gaussian beam formula. With these
equations, simulations are performed using COMSOL Multiphysics in order to model the
spatial and temporal Gaussian beam and its interaction with the photoconductive material.
Results for the electric field and the total power flux density are displayed, so that they can
be used in the future work for the carrier generation rate for the electrical response of a
photoconductive antenna.
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1.

Introduction

The theory, design, fabrication, and modeling of any type of antenna is a research field that
grows continuously due to the broad range of applications. Multiple characteristics define
the performance of a particular antenna. For instance, antennas can be categorize in terms
of their shapes, sizes, gain, directivity, resonant frequency, etc. In this case, this thesis refers
to one type of antennas that resonate at terahertz frequencies. Terahertz frequencies fall in
the range of the electromagnetic spectrum above the microwaves region (>100GHz) and
below the infrared band (<10THz) [1]. This frequency range is widely implemented in
applications such as the pharmaceutical industry, spectral fingerprinting, THz spectroscopy,
and cancer imaging [2]. At these frequencies, photoconductive antennas (PCA) are
responsible for the transmission and reception of waves.

Fig. 1. Carrier generation process in the photoconductive substrate [2].

There are some concepts that are very important to address in order to guarantee a complete
understanding of this thesis. A THz photoconductive antenna consist of gold pads deposited
on a photoconductive substrate. Normal antennas in the microwave and lower frequency
bands are excited through current sources that produce the radiation of energy. However,
PCAs are excited through the incidence of a laser pump over the photoconductive substrate
[3]. In fact, the functioning of a PCA is based on the carriers or electrons that are generated
due to the optical excitation at the photoconductive substrate as shown in Fig.1. A bias
voltage applied across the antenna pads creates an electric field between the antenna pads
functioning as electrodes. This electric field accelerates the photo-carriers inside the
substrate. This movement of electrons in the electric field and their recombination
represents the current source that excites the antenna and produces the radiation at THz
frequencies [3].
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Fig. 2 describes the transformation of the optical excitation represented by the laser pump
in red into the terahertz pulse represented by the blue pulse at the right [3]. As displayed, as
the laser interacts with the substrate, the photocurrent excite the antenna producing a
terahertz pulse. The performance of a photoconductive antenna is significantly linked to the
material properties of the substrate. For instance, the bandwidth of the PCA is directly
related to the electron lifetime of the substrate material. This electron lifetime influences the
recombination of the electrons. The shorter lifetime of electrons produces a faster decay in
the voltage over time and a shorter duration in the THz pulse in time, which represents a
wider range in the frequency domain [4].

Fig. 2. Transformation of an optical pump to a THz pulse [2].

There are multiple types of photoconductive antennas depending on their shape, location of
the photoconductive material, and excitation point. Nathan Burford investigated four types
of photoconductive antennas in his dissertation. The conventional antenna consists of
antenna pads laid over the photoconductive substrate while a similar design implemented
the photoconductive material on top of the pads instead. Other types of antennas implements
nanotechnology like nanograting and nanodisks to improve the electromagnetic absorption
of the incident electric field [3]. It is important to mention that the work presented in this
thesis is based on a conventional photoconductive type of antenna where the optical
excitation is focused at the edge of the golden electrode. It has been experimentally
demonstrated that the most efficient location for the optical excitation in a conventional
antenna is at the edge of the anode [5]. This location for the incident laser pump produces
the best case in terms of the quantity of carriers generated due to the optical excitation.
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2.

Analysis of the Equations for the Incident Laser Pump

The first step for the analysis and modeling of the optical response of a photoconductive
antenna is to understand the equations that describe its optical excitation. As stated before,
in contrast to normal RF and microwave antennas, a photoconductive antenna is excited by
the application of a laser pump. A laser pump is light amplified to a higher intensity and
directional beam, and this beam carries more energy at a shorter period of incidence [6]. In
the same way, since a laser pulse is a modified version of light, it can be described by the
regular wave equations that represent mathematically an electromagnetic radiation. This
chapter covers the transition from a normal light equation to the equation of a laser pump
by the application of amplitude modulation. In addition, it describes the modification of that
equation to represent a laser in terms of its average power and displays the implementation
of those equations to simulate a laser pulse over a normal medium.
2.1 Amplitude Modulation of Light as a Gaussian Pulse
There are multiple types of laser depending on their intensity, method of generation, or
duration of the pump, and depending on those properties, they are implemented in different
applications. In this case, a PCA is excited by a femtosecond laser pump, which has a period
of incidence in the femtosecond order of duration. This power distribution of the laser pump
in time is obtained by the amplitude modulation of a monochromatic plane wave by a bellshaped function. Several bell-shaped functions such as Gaussian function, Lorentzian
function, or the exponential function are used to model laser pulses. For this application, the
distribution of the light in time as a laser pulse is described by a Gaussian function [7].
The first step in the derivation of the incident electric field equation for a laser pump is to
recall the expression for a plane wave traveling in a particular direction at any instantaneous
time. For instance, the equation of an incident wave traveling in −𝑧̂ at any instant (t)
polarized in the 𝑥̂ direction is displayed below:
− 𝑗𝛽𝑧 𝑗𝜙−
𝐸̂𝑥− (𝑧, 𝑡) = 𝑥̂𝐸̂𝑚
𝑒 𝑒

(1)

In this equation, the phase of the incident wave can be assumed to be zero (𝜙 − = 0) and the
amplitude of the electric field to be real. In this way, equation (1) can be rewritten in the
following way:
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− 𝑗𝜔𝑡 𝑗𝛽𝑧
𝐸̂𝑥− (𝑧, 𝑡) = 𝑅𝑒[𝑥̂𝐸̂𝑚
𝑒 𝑒 ]

(2)

−
𝐸𝑥− (𝑧, 𝑡) = 𝑥̂𝐸𝑚
cos(𝜔𝑡 + 𝛽𝑧)

Equation (2) represents a plane wave traveling in the negative z direction at any instant t.
In an amplitude modulation process, this plane wave equation is multiplied by a Gaussian
envelope to modify the shape of the original plane wave and produce a laser pump [8] [7].
Equation (3) represents the Gaussian function that works as envelope in this amplitude
modulation process. Once it is multiplied with the original plane wave, it results in the
equation (4) that represents the equation of a laser pulse at any instant t.
(𝑡 − 𝑡0 )2
𝐺(𝑡) = 𝜌0 exp (
)
2𝜏 2

(3)

−
𝐸̂𝑥− (𝑧, 𝑡) = [𝑥̂𝐸𝑚
cos(𝜔𝑡 + 𝛽𝑧)]𝐺(𝑡)𝐺(𝑥, 𝑦)

(𝑡 − 𝑡0 )2
− (𝑧,
−
̂
𝐸𝑥
𝑡) = [𝑥̂𝐸𝑚 cos(𝜔𝑡 + 𝛽𝑧)] [exp (
)] 𝐺(𝑥, 𝑦)
2𝜏 2
𝐸𝑥− (𝑧, 𝑡)

=

−
𝑥̂𝐸𝑚

(𝑡 − 𝑡0 )2
cos(𝜔𝑡 + 𝛽𝑧) exp (
) 𝐺(𝑥, 𝑦)
2𝜏 2

(4)

In equation (4), 𝜏 describes the width of the pulse at 𝑒 −0.5 of the peak of the pulse, and
𝑡0 describes the location in time of the peak of the pulse. The time expression of the plane
wave was multiplied by the Gaussian function to get a Gaussian distribution of the Electric
field in time. Depending on the application, some lasers in the market are characterized by
special features. For instance, some researchers are interested in the duration of the pulse at
half of its maximum power. In this case, the Gaussian function can be rewritten in terms of
Dt, where Dt represents the duration of the pulse when half of its power has been delivered.
𝐸𝑥− (𝑧, 𝑡)

=

−
𝑥̂𝐸𝑚

cos(𝜔𝑡 + 𝛽𝑧) exp (4 ln(0.5)

(𝑡 − 𝑡0 )2
𝐷𝑡 2

) 𝐺(𝑥, 𝑦)

(5)

This modulation process is well-illustrated by Fig. 3. In this figure, Fig. 3. (a) represents the
plane wave propagating before the amplitude modulation process. Then, Fig. 3. (b) displays
the Gaussian envelope described by equation (3). Finally, Fig. 3. (c) illustrate the plane wave
after the modulation process where the Gaussian envelope already modified the shape of the
original waveform. This Fig. 3. (c) was obtained from equation (4), which is the results of the
multiplication of the original plane wave equation and the Gaussian envelope.
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(a)

(b)

(c)

Fig. 3. Amplitude Modulation Process of a Plane Wave into a Gaussian Beam. (a) Plane Wave, (b) Gaussian
Envelope, (c) Modulated Laser Pulse (Multiplication of the two functions at the top).

2.2 Expressing the Amplitude of a Laser Pulse in terms of its Average Power
For modeling purposes, it is important to describe the optical excitation in terms of the
characteristics of a laser in the market. This is why it is important to express the amplitude
of the laser pulse in terms of its average power. The following equation describes the timeaverage power Pav of an electromagnetic wave where 𝑝𝑎𝑣 is the time-average power flux
density [9]. In this equation (6), 𝑝𝑎𝑣 represents the time-average power flux density, which
describes the area under the time-instantaneous power flux density (𝑝(𝑧, 𝑡)) function over
its period.
𝑃𝑎𝑣 = − ∫ 𝑝𝑎𝑣 . 𝑑𝑠

(6)

𝑆

𝑝𝑎𝑣 =

1 𝑇
∫ 𝑝(𝑧, 𝑡)𝑑𝑡
𝑇 0

(7)

Then, these equations can be combined in order to get the time-average power of a wave in
terms of the time-instantaneous power flux density vector as follows:
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1 𝑇
1 𝑇
𝑃𝑎𝑣 = − ∫ 𝑝𝑎𝑣 . 𝑑𝑠 = − ∫ [ ∫ 𝑝(𝑧, 𝑡)𝑑𝑡] . 𝑑𝑠 = − ∫ [∫ 𝑝(𝑧, 𝑡). 𝑑𝑠] 𝑑𝑡
𝑇 0
𝑇 0 𝑆
𝑆
𝑆
1 𝑇
𝑃𝑎𝑣 = − ∫ [∫ 𝑝(𝑧, 𝑡). 𝑑𝑠] 𝑑𝑡
𝑇 0 𝑆

(8)

According to C. T. A. Johnk in his book Engineering Electromagnetics Fields and Waves [9],
[− ∫𝑆 𝑝(𝑧, 𝑡). 𝑑𝑠] represents the instantaneous ingoing power flux 𝑃(𝑡) for a wave traveling
in space at an instantaneous time t. Then, the equation (8) can be rewritten as follows:
𝑃𝑎𝑣 =

1 𝑇
∫ 𝑃(𝑡)𝑑𝑡
𝑇 0

(9)

By analyzing equation (9), it is clear the fact that the first step to find an expression for the
time-average power of the laser pump is to find its time-instantaneous ingoing power
flux 𝑃(𝑡). This power flux describes the area under the curve of the time-instantaneous
power flux density 𝑝(𝑧, 𝑡), which is obtained from the cross product of the incident electric
field with the magnetic field.
𝑃(𝑡) = ∫ 𝑝(𝑧, 𝑡). 𝑑𝑠

(10)

𝑆

𝑝(𝑧, 𝑡) = 𝐸(𝑧, 𝑡) × 𝐻(𝑧, 𝑡)
−
𝑝(𝑧, 𝑡) = [𝑥̂𝐸𝑚
cos(𝜔𝑡 + 𝛽𝑧)∗ exp (4 ln(0.5)

𝑝(𝑧, 𝑡) = 𝑧̂

(𝑡 − 𝑡0 )2
𝐷𝑡 2

)] × [𝑦̂

−
𝐸𝑚
(𝑡 − 𝑡0 )2
cos(𝜔𝑡 + 𝛽𝑧)∗ exp (4 ln(0.5)
)]
𝜂0
𝐷𝑡 2

−2
𝐸𝑚
(𝑡 − 𝑡0 )2
cos2 (𝜔𝑡 + 𝛽𝑧)∗ exp (8 ln(0.5)
)
𝜂0
𝐷𝑡 2

(11)

Now, with an expression for the time-instantaneous power flux density (11), the timeinstantaneous power flux can be obtained from equation (10). It is important to mention
that the time-instantaneous power flux density is also called the Poynting vector, so it will
have the direction of the power flux. This direction will be perpendicular to the area of
incidence. In this case, the excitation was assumed to be a plane wave traveling in the
negative 𝑧̂ direction, which means that the surface of incidence would be in the x-y plane.
This would imply a positive direction for the Poynting vector 𝑝(𝑧, 𝑡).
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The time-instantaneous power flux is the integration of the time-instantaneous power flux
density over a surface 𝑑𝑠 [9]. This surface will represent the power distribution of the laser
pump in space, and since this distribution is Gaussian, the surface differential (𝑑𝑠) would
end up being as the expression below. The range on integration would be from negative
infinity to positive infinity in order to cover the complete Gaussian distribution of the laser
pump. However, it is understandable that most of the laser intensity will be concentrated
where the laser pump is focused.
𝑑𝑠 = 𝑧̂ 𝑑𝐿𝑥 𝑑𝐿𝑦 = 𝑧̂ exp (4 ln(0.5)

(𝑥 − 𝑥0 )2
𝐷𝑥 2

∞

𝑃(𝑡) = ∬[𝑧̂ 𝑝(𝑧, 𝑡)]. [𝑧̂ exp (4 ln(0.5)
−∞

) 𝑑𝑥 exp (4 ln(0.5)

(𝑥 − 𝑥0 )2
𝐷𝑥 2

) exp (4 ln(0.5)

(𝑦 − 𝑦0 )2
𝐷𝑦 2

(𝑦 − 𝑦0 )2
𝐷𝑦 2

) 𝑑𝑦

)] 𝑑𝑥𝑑𝑦

Assuming maximum power flux density at the surface of the photoconductive antenna z = 0,
we can deliver an expression with the temporal power flux density 𝑝(0, 𝑡).
∞

𝑃(𝑡) = ∬ 𝑝(0, 𝑡) exp (4 ln(0.5)
−∞

(𝑥 − 𝑥0 )2
𝐷𝑥 2

𝑃(𝑡) = 𝑝(0, 𝑡)

) exp (4 ln(0.5)

(𝑦 − 𝑦0 )2
𝐷𝑦 2

) 𝑑𝑥𝑑𝑦

𝜋𝐷𝑥 𝐷𝑦
4 ln(0.5)

(12)

With an expression of the time-instantaneous power flux in equation (12), the time-average
power can be calculated with the equation already mentioned.
𝜋𝐷𝑥 𝐷𝑦
1 𝑇
𝑃𝑎𝑣 = ∫ 𝑝(0, 𝑡)
𝑑𝑡
𝑇 0
4 ln(0.5)
−2
𝜋𝐷𝑥 𝐷𝑦
1 𝑇 𝐸𝑚
(𝑡 − 𝑡0 )2
2 (𝜔𝑡)∗
𝑃𝑎𝑣 = ∫ [
cos
exp (8 ln(0.5)
)]
𝑑𝑡
𝑇 0 𝜂0
4 ln(0.5)
𝐷𝑡 2
𝑇
− 2 𝜋𝐷 𝐷
1 𝐸𝑚
(𝑡 − 𝑡0 )2
𝑥 𝑦
𝑃𝑎𝑣 =
∫ [cos2 (𝜔𝑡)∗ exp (8 ln(0.5)
)] 𝑑𝑡
𝑇 𝜂0 4 ln(0.5) 0
𝐷𝑡 2

(13)

It is important to mention that to calculate the average power of a laser in equation (9), the
time-instantaneous power flux density should be integrated over a period T. This will
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represent the period related to the repetition rate of a laser (Normally MHz range). In other
words, the time-average power of a laser would be chosen in terms of a window of the size
of a period T. For illustration purposes, Fig. 4 displays a series of laser pumps in time for a
repetition rate of 80MHz. For this particular laser, the integration window is displayed by
the dashed blue line, where only one laser pulse is used for the calculation of average power
of the laser.

Fig. 4. Window for the calculation of the time-average power of the laser pump.

All in all, once the expression for the time-average power (13) of the laser can be solved for
the amplitude of the incident electric field. This provides an expression for the amplitude of
the incident electric field in terms of the average power of a laser, which was the principal
goal of this derivation. Then, this expression is added to equation (5) for the complete
description of the incident electric field.
𝑬−
𝒎 =

𝑃𝑎𝑣 𝜂0 4 ln(0.5)
√

𝑇

𝑓𝑝 𝜋𝐷𝑥 𝐷𝑦 [∫0 cos 2 (𝜔𝑡) exp (8 ln(0.5)

(𝑡 − 𝑡0 )2
) 𝑑𝑡]
𝐷𝑡 2

(14)
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2.3 Modeling a Laser Pump
The modeling process of the optical response of a photoconductive antenna starts by
understanding its optical excitation. This step started with the analysis of the equations that
describe the behavior of a laser pump as an electromagnetic signal. It is significantly
important to analyze the excitation of a PCA in order to understand its effect in the
photoconductive substrate. In this way, the equation describing a laser pulse was plotted
with a Matlab code to get a better understanding of its main features. The plots below
represent the spatial distribution of the magnitude and E-field component of a laser pump.
Fig. 5 displays the oscillating nature of the real part of one of the components of the incident
electric field; conversely, Fig. 6 shows only the magnitude of the incident electric field of the
Gaussian beam.

Fig. 5. Matlab - Real part of the incident electric field.

Fig. 6. Matlab - Magnitude of the incident electric field.

Matlab provides a more equation-based and user-controlled environment since all outputs
are defined by equations that the user provides. In this way, these plots gave an idea of the
behavior of a simple laser pump before going to COMSOL Multiphysics to model its behavior.
Fig. 7 represents the simulation results provided by COMSOL for a plane wave traveling in
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the negative z direction with the Gaussian distribution in space. As it is displayed, there is a
high similitude between the results obtained from Matlab in Fig. 6 with the results obtained
from COMSOS in Fig. 7. In the figure below, it is noticeable the Gaussian distribution of the
electric field having a high intensity on the middle, representing the peak of the bell-shape,
and a degradation to the sides. Once the results for the simulation of a Gaussian laser beam
from COMLSOL were validated with the results obtained from Matlab. The modeling process
could continue by the addition of more complex environments. For instance, the experiment
displayed in Fig. 8. Contemplates the addition of a layer of a different material to the
computational domain. The idea was to start from basic laser-in-air model to more complex
problem leading to the final goal of modeling the photoconductive antenna.

Fig. 7. COMSOL - Magnitude of the incident electric field.

It is important to highlight the relation between the magnitude and the components of the
electric field. As experienced, the components of the incident electric field comes with an
oscillating nature; however, its magnitude only displays the Gaussian distribution of the
electric field. This relation will stay for any plane wave traveling in space. Nevertheless, in
COMSOL, it was experienced an oscillation behavior for the magnitude of the electric field.
Then, this was an important fact that needed to be studied. After the simulations performed
below it was noticed that the oscillating behavior was produced by the interaction of the
incident laser pump with another material different from air. Fig. 8 displays three different
cases where the incident electric field was applied to different substrate material. The
subplots in the left represents the real part of the x component of the electric field, and the
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subplots in the right show the magnitude of the x-field component. As displayed in the airto-air interface in the case 1, the magnitude of the incident laser pump is not changed, and
the results are similar to the ones obtained from Matlab shown in Fig. 6. However, whenever
the material properties of the interface is changed from air to Teflon in case 2, some
oscillations start to appear in the subplot for the magnitude of the field component. Those
oscillation in the magnitude of the electric field in case 2 were very light due to the properties
of Teflon being close to the air properties. However, case 3 displayed more profound
oscillations dues to the high permittivity and high conductivity of GaAs. The reason behind
these oscillation is that COMSOL solved for the full field instead of the scattered field. This
full field will consist of the incident waves and the reflected waves coming from the
interfaces. The interaction of the incident waves with the reflected waves produced standing
waves that represents the oscillations experienced in the magnitude displayed below. This
experiment contributed to gain a better understanding of the interaction of the laser pump
with a medium different from air and provided a strong foundation on the knowledge the
optical excitation of a photoconductive antenna.

Fig. 8. Two-interface problem with the incident laser pump.
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2.4 Distribution of the Laser Pump in Space
From the equations derived in the previous sections, it is clear that this laser pulse is
modeled as an amplitude modulated plane wave traveling in a particular direction with a
Gaussian envelope in time (see equation 3). In the same way, this plane wave experiences a
Gaussian distribution in space. In fact, the spatial distribution of a Gaussian beam can be
approximated by a special solution to the paraxial Helmholtz equation that provides a
formula for the Paraxial Gaussian beam. This equations takes into consideration the beam
width and plane of incidence, so from the final equation for the time distribution of the
Gaussian beam, the time and spatial distribution of the Gaussian beam can be displayed as
(5) [10].
The equation above provides both the spatial and temporal Gaussian distribution for a laser
propagating in the negative z direction. In this equation, three new functions are introduced.
•

The beam waist 𝑤(𝑧) [10]:

o This function describes the waist of the beam or the size of the incidence footprint.
𝑧 2
𝑤(𝑧) = 𝑤0 √1 + ( )
𝑧𝑟

o In this equation, 𝑧𝑟 is the Rayleigh range, and it is described by 𝑧𝑟 =

(15)
𝜋𝑤0 2
,
𝜆

where w0

represents the waist radius, and .
•

The radius of curvature 𝑅(𝑧) [10]:

o This equation express the radius of curvature of the waves propagating in z.
𝑅(𝑧) = 𝑧 +
•

𝑧𝑟 2
𝑧

(16)

Gouy shift 𝜂(𝑧) [10]:

o This equation represents the phase change close to the beam waist, where zr is the
Rayleigh range previously described.
𝑧
𝜂(𝑧) = atan ( )
𝑧𝑟

(17)
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These functions contribute to describe the Gaussian distribution of the laser beam in space.
Fig. 9 provides a sound illustration of how those functions interact with the laser pump
where all these functions are illustrated and located in space [11].

Fig. 9. Characteristic functions of the paraxial Gaussian beam formula.

In Fig. 9, a plane wave is traveling in the propagation direction k. This plane wave is squeezed
by the waist function leaving the Gaussian distribution of the laser beam. However, the
incoming plane wave gets affected by the distortion experiencing a more spherical behavior.
This behavior is then covered by the radius of curvature equation R(z) and the phase change
equation 𝜂(𝑧).
2.4.1 Free Space System Model
Now that the physics behind the paraxial Gaussian beam has been explained, it is important to
model it in COMSOL. An example of testing the simulation of paraxial Gaussian beam sing
COMSOL, we used a Free Space System in millimeter/microwaves frequency bands. The system
is composed of two antennas with lenses that focus the electromagnetic signal to a focal point.
This measurement setup is used for material characterization, and the spatial distribution of its
signal follows the paraxial Gaussian function as well. Therefore, modeling this system will
contribute to gain experience about the model for the incident laser beam for the PCA model. In
the future, a similar set-up in the THz frequency will be investigated. A picture of the real
modeling problem is displayed below, where it is noticeable the components of the system
starting with the antennas and the lenses focusing the beam in the middle. The computational
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domain for this model consisted of air between the antennas and a slap of Teflon material. A
signal in the shape of the Paraxial Gaussian beam was focused at the center point, and the goal
was to experience and visualized this behavior.

Fig. 10. Free Space System Illustration.

2.4.2 Free Space System Modeling Results
This section displays the simulation results obtained for the paraxial Gaussian beam. As
shown in the picture below, the distribution of the electromagnetic signal holds the same
shape described in figure 10. The simulations displayed the incident y component of the
electric field distributed as a Gaussian beam at two frequencies (18 GHz and 26.5GHz). The
beam waist was variable depending on the wavelength, and that is why the beam waist looks
wider for the simulations at 18GHz. These simulations proved the proper Gaussian
distribution of the incident electric field in space, and they also gave confidence for applying
this to the PCA model. It is important to mention that this paraxial Gaussian distribution is
more pronounced at distances greater than the Rayligh range. For distances inside this
range, the amplitude of the incident electric field is constant, which means it is not affected
by the beam waist function w(z) [11]. This effect is clearer in the following chapter, where
the computational domain lays inside the Rayligh range. Hence, the distribution of the
incident field does not look completely like the pictures below. In other words, the
simulation window for the PCA would be compared to simulating a distance closer to the
slab in the free space system simulations.
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Fig. 11. Paraxial Gaussian beam formula at 18 GHz.

Fig. 12. Paraxial Gaussian beam formula at 26.5 GHz.

Fig. 11 and Fig. 12 display the results for the simulation of a paraxial Gaussian beam at 18GHz
and 26.5GHz respectively. As stated, the waist radius w0 was dependent on the wavelength,
so it is noticeable the difference in size between Fig. 11 with a wavelength of 16.67mm
compared to Fig. 12 with a wavelength of 11.32mm. In fact, the results in for 18GHz displayed
some undesired reflections that propagates to the Teflon slap, and these reflections may
affect the measurement accuracy of the characterization process.
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3.

Modeling the Optical Response of with COMSOL Multiphysics®

COMSOL Multiphysics® is a computational simulation package used to model not only
electromagnetic applications but also other physics environments. COMSOL combines the
properties, equations, boundary conditions, and analysis for multiple physics such as
semiconductors, RF applications, heat transfer, chemical process, etc. It implements the
Finite Element Method to complete the simulations and solve equations in all these physics.
It also allows the user to establish the mesh division that is more suitable for his application
together with the study that needs to be accomplish. Finally, COMSOL provides a very wide
post processing results tool that allows the user to display simulation results from points,
edges, surfaces, or volumes in their simulation geometry. In this way, this software
represents a very powerful package that contributes to the modeling process of numerous
multiphysics problem.
3.1 Optical Response Overview
The optical response of a photoconductive antenna consist of the interaction of the incident
electric field of the optical pump with a photoconductive substrate where the antenna pads
are deposited. This optical pump generates electrons inside the photoconductive substrate,
and these electrons are used in the electrical response for the excitation of the PCA. COMSOL
solves the wave equation
∇ × 𝜇𝑟−1 (∇ × 𝐸⃗ ) − 𝑘02 (𝜖𝑟 −

𝑗𝜆𝜎
) 𝐸⃗ = 0
2𝜋𝑐𝜖0

(18)

When solved eq. 18, it provides the electric field components 𝐸⃗𝑥 , 𝐸⃗𝑦 , 𝐸⃗𝑧 at all points in the
geometry of the computational domain. In this case, COMSOL will be implemented to obtain
the electric field inside the photoconductive substrate because this electric field absorption
in the substrate will determine the efficiency of the PCA. In other words, COMSOL was used
to solve for the electric field in the substrate to calculate the power flux density that is used
to calculate the carrier generation rate in the electrical response. In short, the optical
response analysis of a photoconductive antenna provides an understanding of the
generation of the Gaussian pulse, the propagation of the incident electric field of the optical
pump inside the substrate, and the calculation of the power flux density.
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3.2 Computational Domain
The computational domain is a significantly important factor in the simulation of any
problem in any physics. The first step in the modeling process is the understanding of the
problem and the geometry that is involved in the computation. This computational domain
will also include the materials, boundary conditions, and initial values that are involved in
the model.
The computational domain used in this project is displayed in the picture below, and it is
composed of air, the antenna gold pads, the photoconductive substrate made ow low
temperature Gallium Arsenide (LT-GaAs), silicon, and a PML layer. The air layer is used for
displaying the laser pump propagating before it hits the substrate. The antenna gold pads
are responsible for radiating the THz signal by absorbing the electrons once they are
generated in the substrate in the electrical response; however, they also influence the optical
response due to the high electrical conductivity of gold. The substrate layer is composed of
low temperature growth Arsenide (LT_GaAs) with a relative permittivity of 13.7 and a
conductivity of 1100 S/m. The silicon layer correspond to the silicon lenses that are used for
gathering the THz signal, but they will also influence in the optical response of the antenna.
Finally, there is a perfectly matched layer (PML) surrounding the computational domain.
PML will absorb all electromagnetic signal that hits the layer. This layer will ensure that there
are not any undesired reflections of any signal in the computational domain, so that there is
only the effect of the incident electric field is studied.

Fig. 13. Computational domain for the optical response model.
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3.3 Simulation Results
The simulation results for the model of the optical response of a photoconductive antenna
represents the interaction of the incident optical pump with the computational domain
described in the previous section. It is important to describe that the simulation displayed below
represents the 2D view of a laser pump hitting the substrate of the photoconductive antenna. As
stated before, the antenna modeled in this project was a conventional photoconductive antenna,
so the pads are laying on the substrate, and the beam is focused on the edge of the antenna. Also,
the incident electric field of the laser beam is x-polarized, so most of its intensity is concentrated
in the Ex component. Therefore, this is the reason why the plot displayed below represents the
magnitude of the Ex component of the electric field.

Fig. 14. Incident electric field simulation results.
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Once COMSOL solves for the electric field components, the x,y,z components of the total
power flux density can be calculated and by using the equations displayed below. With the
components of the power flux density, the magnitude of the total power flux density is
plotted [3]. It is very important to get this parameter because it will be used for the
calculation of the carrier generation rate in the electrical response of the PCA.
𝑃𝑜𝑥(𝑥, 𝑦, 𝑧) =

1
2
𝑅𝑒 (|𝐸𝑦 | − |𝐸𝑧 |2 )
2𝜂̂

(6)

𝑃𝑜𝑦(𝑥, 𝑦, 𝑧) =

1
𝑅𝑒(|𝐸𝑧 |2 − |𝐸𝑥 |2 )
2𝜂̂

(7)

𝑃𝑜𝑧(𝑥, 𝑦, 𝑧) =

1
2
𝑅𝑒 (|𝐸𝑥 |2 − |𝐸𝑦 | )
2𝜂̂

(8)

𝑃𝑠(𝑥, 𝑦, 𝑧) = √(|𝑃𝑜𝑥|2 + |𝑃𝑜𝑦|2 + |𝑃𝑜𝑧|2 )

(9)

Fig. 15. Total power flux density simulation results.
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3.4 Discussion of Results
The results shown in Fig. 14 and Fig. 15 display the interaction of an incident laser pump
with the computational domain shown in Fig. 13. The laser pump is modeled as plane wave
propagating in the negative z direction with a spatial Gaussian distribution. It is important
to mention that the incident electric field is x-polarized, so that is why the component
displayed in Fig. 14 corresponds to the Ex component of the electric field.
As stated before, the laser pump is focused at the edge of the anode of the antenna in order
to obtain a greater efficiency in the conversion from optical to THz signal. The effect of the
edge of the antenna can be experienced in both the electric field plot in Fig. 14 and the total
power flux density in Fig. 15, where there is a high distortion of the incident electric field.
This effect of the antenna pads is attributed to the high conductivity of gold that blocks the
incident pulse and produces that distortion. For the silicon part of the model, it represents
the lenses of the antenna that gathers the THz pulse once it is created. However, only a small
portion of this silicon lens is applied in the computational domain in order to reduce the size
of the domain.
The small picture in Fig. 14 and Fig. 15 represents a close-up of the effect that is produced
by the edge of the antenna pads. Also, it displays a close-up of the propagation of the electric
field as well as the power flux density inside the semiconductor substrate. All in all, one of
the components of the electric field is displayed. These components of the electric field inside
of the semiconductor are used to calculate the power flux density, which represents the
principal result obtained from the optical response.
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4.

Future Work

This thesis covered the optical response of a conventional PCA. Hence, the future work will
be based on the modeling and the analysis of the electrical response of the photoconductive
antenna. This electrical response will consist of applying the total power flux density results
obtained in this work to the generation of carriers inside the semiconductor using the driftdiffuse equations. Therefore, the semiconductor module of COMSOL Multiphysics will be
implemented to model this carrier generation, the doping concentration of the
semiconductor substrate, and the recombination of these photo-carriers.
Some of these properties of the semiconductor such as the carrier mobility and
recombination of carriers are already define by well-known physics models. For instance,
the Caughey-Thomas model is implemented to describe the carrier mobility of the
semiconductor, or the Shottky-Read-Hall and Auger model that are used for representing the
recombination of electrons. These models and some other models are available in the
COMSOL interface. Hence, some research will be conducted concerning the most related
model to this application. In addition, new materials will be explored to replace the LT-GaAs
photoconductive substrate of the THz antennas discussed in this thesis.
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5.

Conclusion

After the accomplishment of this work, it is important to highlight some of the principal
concluding concepts. A laser pump is modeled with a Gaussian envelope in time and a
paraxial Gaussian formula in space. This formula allows the control of parameters such as
the beam waist and the plane of incidence. This paraxial Gaussian formula represents a
constant amplitude for distances that are inside the Rayleigh range. Therefore, this paraxial
Gaussian distribution was not experienced in the results for the PCA due to the fact that the
computational domain laid inside the Rayleigh range. However, for larger computational
domains such as the Free Space System, the paraxial Gaussian distribution was properly
obtained.
With all the derived equations, the 2D model for a conventional photoconductive antenna
produced good results where the beam was focused on the edge of the antenna. This
interaction from the laser beam with the edge of the antenna produce a distortion that
concentrated a high electric field intensity inside the semiconductor substrate. This high
electric field then contributed to a high concentration of power flux density, which results
beneficial for the performance of the photoconductive antenna. In this way, the total power
flux density results obtained from this experience will be used for the development of the of
the complete model for the photoconductive antenna.
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